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1. INTRODUCTION. 

The aural effect of the undesired pitch fluctuations which occur in the 
reproduced output of all types of sound recording systems is well— known. These 
fluctuations, viiich are usually described as "wow" and "flutter", arise from imperfec- 
tions in the recording process, the reproducing process, or in both, and their origin 
can be traced to imperfect design, manufacture and adjustment of the mechanical (as 
opposed to the electronic) elements of the system. Report No. C. 065, "Wow in Sound 
Recording and Reproducing Systems", which was issued in July 1948, describes the 
origin and nature of wow and flutter, and shows that the complex pitch fluctuations 
occurring in the final output consist, in addition to periodic components due to well- 
defined imperfections, of a large random element of "Brownian. motion" character. The 
present report is largely concerned with the subjective aspects of wow and flutter and 
describes work carried out to determine the sensitivity of the listener to these pitch 
fluctuations. This has involved the development of a pitch fluctuation generator 
which is novel in that it can produce wow and flutter in "live" programme. The 
investigation has therefore more reality than previous ones of this type which have 
been confined to producing fluctuations (by electronic meems) in steady tones. In 
the investigation described in Report No. C,065, and in other investigations, it was 
found that pitch fluctuations are commonly accompanied by amplitude fluctuations. 
Tests have, therefore, been included in the present work on the subjective discrimina^ 
tion of amplitude fluctuations, to determine the influence of this factor on the final 
results. The knowledge gained is necessary for the specification of permissible 
tolerances for frequency and amplitude fluctuations in recording equipment, a measure 
which is desirable for promoting general improvement in recording system performance 
both within the Corporation and in programme exchanges. 



2. THE GENERATION OF PITCH FLUCTUATIONS General. 

The complex (undesired) fluctuations of pitch which arise when a recorded 
programme is reproduced are a combination of the periodic and random fluctuations 
which have arisen in both the recording and reproducing process . The fluctuations 
result from transient changes in the speed with vftiich the recording medium is moving 
past either the recording head or the reproducing head. In the recording case this 
speed change results in a temporary change of recorded wavelength which, on subsequent 



reproduction, creates a transient pitch, change in the reproduced signal. In the 
reproducing case the speed change results again in a transient pitch fluctuation as 
the previously established waveforms move past the reproducing head at a rate different 
from the recording process. In the disk system the imperfections may arise from 
eccentricities in the driving system, e.g. in idlers or turntables, from eccentricity 
of the disk upon the turntable and from lack of flatness in the disk surface. In the 
magnetic system the imperfections may arise from eccentricities in various parts of 
the driving system and from changes in tape speed due to frictional variations. In 
generating intentional pitch fluctuations by mechanical, as opposed to purely electron- 
ic means, a fundamental difficulty arises in eliminating, as far as possible, the 
fluctuations inherent in the mechanical generator itself. For example, a good 
magnetic tape recorder might be used in which the driving shaft is made intentionally 
eccentric so that a periodic speed fluctuation is introduced into the recording. The 
record thus made might be reproduced on another good machine in which the driving 
shaft is true, with the result that a periodic pitch fluctuation at the frequency of 
the recording driving shaft will exist in the output. On this periodic fluctuation, 
however^ will be superimposed any random ajid unintentional periodic fluctuations 
arising in the recording and reproducing systems. Thus, subjective tests carried out 
in this manner cannot be said, without positive supporting evidence, to provide an 
accurate assessment of the subjective effect of the driving shaft fluctuation alone. 
In addition., of course, the provision of a wide range of fluctuations (in both 
magnitude and frequency) by this or similar means, would involve prodigious labour. 
It is fundamental difficulties of this kind viich have confined previous investigations 
to the generation of pitch fluctuations by electronic means. In general a regular 
pitch fluctuation may be introduced into a tone by the periodic alteration of the 
value of some oscillator circuit element. No similar method is known by which there 
can be created the same percentage of frequency modulation of all component frequencies 
in a complex programme signal. A characteristic of the frequency modulation (or 
pitch fluctuation) which arises from the imperfections in recording systems is that 
all component frequencies in a signal undergo the same percentage modulation at the 
same time. This is to be expected, for a given percentage change of speed in the 
recording process must alter all recorded wavelengths by the same percentage, and a 
given speed change in the reproducing process must increase the speed of all recorded 
wavelengths past the reproducing head by the same percentage. Hitherto then, the 
mechanical problems have forced investigators to the use of electronic apparatus and 
this, in turn, has confined the investigations to steady-tone tests. Recently, 
however, some effort has been devoted in Research Department to the development of a 
technique of recording (for short-storage purposes) on a magnetic disk rotating out of 
contact with its recording, reproducing and erase heads. This technique has made 
possible the development of a controlled flutter generator which has neglibible 
inherent flutter of its own but in which a wide range of controlled flutters can be 
introduced, as desired, into the reproduced output. This generator will be described 
in the following paragraphs. 



3. THE CONTROLLED FLUTTEIR GENERATOR FOR PR0GRA1#IE. 

3.1. General. 

In the Appendix a mathematical analysis of flutter generation is given in 
general terms which are applicable to the generator to be described in the following 



paragraphs, and to similar systems. The mechanical design of the present flutter 
generator is fairly simple so that the inherent (accidental) flutter due to imperfec- 
tions of manufacture may be made small. In addition, however, the analysis indicates 
that design parameters such as the relative disposition of the recording and reprodu- 
cing heads, and the speed of the recording medium, may be chosen to reduce to neglig- 
ible proportions, the effect of reasonable manufacturing imperfections. It follows 
then that the subjective reactions to various controlled (intentional) flutters will 
not be coloured by the presence of appreciable accidental components. Detailed 
calculations and measured values of the accidental flutter components present in the 
output of the generator are given in Section 3,6, 
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Fig. 1 - Plan of flutter generator for programme 



3.2. Description of Equipment. 



The mode of operation of the flutter generator for programme is illustrated 
by Fig. 1. A rigid disk, composed of non— magnetic material, is rotated at a constant 
speed in a plain bearing. The rim of the disk is coated with a mixture of magnetic 
oxides similar to that which is normally applied to the plastic backing in magnetic 
tape manufacture. As the endless magnetic track rotates it passes, in turn, an erase 
head, a recording head and a reproducing head. Each of these heads is separated from 
the magnetic coating by a distance of about 0°0005 inches (0=013 mm). Now when the 
track is separated from the recording head there is a drop in recorded level as the 
magnetising field strength in the medium decreases. This loss is not too serious, 
however, for small separations and can be made up by a reasonable increase of bias and 
recording currents. The loss of output F vdiich occurs when the reproducing head is 



separated from the medium by a distance "d" is given by the expression 

F =0 exp(-g77-d//V) 

This is much more serious, for it represents a loss of about 55 db per wavelength 
separation. At short wavelengths therefore the effect of even small displacements 
may be very great. It follows that ^en recording and reproducing heads are working 
out of contact with the disk, the recording speed must be increased well above normal 
(so that the wavelengths of the higher frequencies are much increased) and every care 
must be taken to keep the separation as nearly constant as possible to avoid unwanted 
amplitude modulation. In the manufacture of the disk and its bearing system special 
precautions have therefore been taken to ensure concentricity so that as the disk 
rotates the distance between the surface of the heads and the magnetic coating does 
not change by an appreciable fraction of the shortest wavelength to be recorded. The 
peripheral speed of the disk is approximately 100 inches (254 cm) per second. The 
reproducing head, which will be described in detail later, is of a light, miniature 
construction and is mounted on the end of a duralumin cantilever which is rigidly 
fixed to the centre of the moving coil in a conventional moving coil system. The 
coil, and hence the cantilever and head, can move about a central vertical axis "sAiich 
is coaxial with the axis of rotation of the magnetic disk. Suppose now that the disk 
is rotating and that a programme signal is fed into the recording head, together with 
the necessary bias current. As long as the reproducing head is stationary the 
recording track will be moving past it at a constant speed, ignoring for the present 
any inherent speed fluctuations due to imperfections in the manufacture of the wheel 
or its driving system. If, however, a low^frequency alternating current is now fed 
into the moving coil it will oscillate round the central axis, and the end of the 
cantilever, on which the head is mounted, will then move to and fro. The amplitude 
and frequency of this movement will depend upon the amplitude and frequency of the 
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Fig. 2 - Circuit of moving coil drive system 



exciting current which, is fed into the moving coil. There will thus be a periodic 
fluctuation in the relative speed of the disk past the reproducing head so that a wow 
or flutter will be created which depends on the exciting current and the length of the 
cantilever. Such a system is possible only when the head is working out of contact 
with the magnetic medium. Since the moving coil is rotating coaxi ally with the disk, 
the separation between the reproducing head and magnetic disk remains nominally 
constant whatever the amplitude of oscillation of the cantilever system. Thus no 
amplitude modulation accompanies the flutter produced by this generator apart from 
that which is due to amy residual eccentricity of the disk itself. 

3.3. The Moving Coil Drive System. 

The essentials of the electrical arrangement for the moving coil drive are 
shown in Pig. 2. Since response down to 0*5 c/s is necessary, direct coupling is 
employed except for the penultimate stage. The centre-tapped coil L is fed in 
balance from the cathode followers Y2- Preceding this stage is a phase splitter Vi, 
into which the modulating e.m.f. is fed through correcting networks of suitable 
response. The balance of currents in each half of the coil can be controlled by the 
potentiometer P, which adjusts the bias on one output valve and serves to centre the 
rotating head. If the horizontail cantilever attached to the coil were constrained to 
a centre position by mechanical compliances, resonances would tend to occur within the 
working range. Slow drift of the zero position is corrected by a simple step feed- 
back system. A fine spring wiper— arm is connected to the cantilever, and moves 
across two adjacent contacts separated by a thin sheet of insulation. The wiper is 
connected through a high resistance to a negative bias source, and the two contacts 
returned to the grids of the output valve. Should the coil drift from centre, the 
wiper touches one of the contacts so that R2 is connected in parallel with Ri across 
one of the grids, and the potential at the grid changes with a time constant dependent 
on the values of C, R, and R2, reducing the current in one half of coil L, and slowly 
restoring the central position. The correcting motion can be made sufficiently slow 
to be of no consequence to the output, since the wow magnitude is velocity dependent, 
and furthermore, relatively hard to detect subjectively when the rate is slow. 

The disposition of the magnetic heads around the disk is of some importance. 
It is shown in the Appendix that the recording head and the reproducing head should be 
close together to reduce the effect of any unwanted accidental flutter in the system. 
The reproducing head cannot be conventionally screened otherwise mass is added to the 
cantilever arm and the inertia rises excessively. Special precautions must therefore 
be taken in screening the recording head Etnd the erase head, and the latter is moved 
to the opposite side of the disk, as far away from the reproducing head as possible. 
The permanent magnet of the moving coil system must also be totally enclosed in a 
steel box to prevent its leakage flux affecting the recording system and causing an 
increase in noise. 

3.4. The Reproducing Head. 

To attain minimum inertia of the moving-head system the reproducing head 
must be made as light as possible whilst maintaining adequate sensitivity for out-of- 
contact working. The conventional core, consisting of a stack of mumetal laminations, 
would be too heavy for use in the system and a single lamination head which is 
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Fig. 3 - Single lamination 
reproducing head 



illustrated in Fig. 3 is, therefore, 
employed. In this head a single rect- 
angular lamination is sprung into a 
circular form and held in position by a 
light clamp made of plastic material. The 
gap of the head is formed by the line of 
contact between the two ends of the 
lamination which are held at a suitable 
distance apart by a spacer. Two coils axe 
wound around the lamination, as shown in 
the diagram, suitable spaces being cut in 
the plastic clamp to accommodate them. 
The coils of the head are connected to the 
external circuit by fine wires, which do 
not appreciably affect the mechanical 
stiffness of the system. The frequency 
response of this head can be made almost 
identical with that of good conventional 
heads, but its sensitivity is less. 



3.5. The Magnetic Disk Driving System. 

The magnetic disk has a large inertia of its own and this is increased by a 
fly— wheel mounted underneath it. The magnetic disk and fly— wheel are driven, through 
a highly compliant belt, by a synchronous motor rotating at 1,500 r.p.m. The 
compliance of the belt and the combined inertia of the drum and fly-wheel together 
produce a low^pass filter system which confines the range of frequencies transmitted 
to the drum from the driving system mainly to the 1 c/s region. A consideration of 
the accidental flutter occurring in the apparatus is given in the next paragraph. 

3.6. Accidental Frequency Fluctuations in the Generator. 

It is shown in the Appendix that the ratio of the instantaneous frequency, 
/r , emerging from the flutter generator to the frequency, /, fed into it is given by 
the equation 

fr/f = 1 + iCOVs/vo)coS (JOit + fo/gl-fui/uolcOS CO^it + Tq) 

where s is the mean distance between the recording head and the moving reproducing head, 
vo is the constant component of the recording medium velocity, 

V sin <iJf is a representative accidental component of recording medium velocity 
(causing accidental flutter), 

Vx cos Ci)iT the velocity of the moving reproducing head (causing intentional 
flutter), 
and the time fo is given by s/vq. 

If the generator is perfectly made, then v = o and putting this value in the equation 
gives simply 



fr/f = 1 -(xJiAo)[cos aJi(t + To)] 



which -is the desired. result for a flutter generator. In practice, however, v is 
finite for there are always some small irregularities of traction even in well 
designed systems. The irregularities are. mostly of a random nature and with super- 
imposed periodic variations . due to motors, idlers, etc. . The first equation above 
suggests how these accidental fluctuations . can he.minimised. in the system described. 
The second right— hand term of the equation represents the \mcontrolled variations, and 
it will he seen that the effect of a given value of v depends on the factor .ojs/ko and 
so for.minimum accidental fluctuations in the output . it is necessary to make 

(a) the velocity, vq, of the. recording. medi vim, 1 sir ge 

(h) the separation, s, of the heads, small 

(c) the angular . frequency, .<x!, of the accidental speed variation, low. 

In the flutter generator described the peripheral velocity. of the drum is 
some 100 inches/second with a drum radius such as to give a fundamental value of co 
of about SO radians/second. The minimum value of s = 1°75 inches was set by head 
dimensions. The factor co s/vo gives the reduction of fundamental - wow from any drum 
eccentricity as being 0°35. A greater reduction factor is unnecessary, for the 
eccentricity which can be tolerated is even, more severely limited by the amount of 
amplitude modulation. which arises due to vairying separation of the reproducing head. 
More important are the speed variations at 25 c/s and other frequencies from the 
driving motor, etc. These, as previously . described, are eliminated by driving the 
drum, which has considerable inertia, by. means of a highly com;^liaiit belt. This low- 
pass filter action leaves only fluctuations with frequencies predominantly in the 
region. of 1 c/s and these are effectively reduced by the correlation mechanism 
considered. With the same constants as before, except for co - 2tt, the reduction 
factor is 0= 11. 

Actual measurements of undesired fluctuations from the drum under working 
conditions gave a value of 0°03^ peak. These fluctuations consisted of . a roughly 
equal mixture of random components and a regular wow at the fundamental frequency of 
rotation. This small value is of no consequence from the subjective viewpoint. 



4. ELECTRONIC GENERATORS. 

4.1. The Electronic Flutter Generator (Tone Tests). 

A portable tone source was used to produce wow and flutter on pure tones, 
with the modulating signal injected in place of the fixed warble tone normally 
produced in the instrument. In essence the modulating signal was made to vary the 
gain of an amplifier controlling the capacitance presented to a tuned circuit, by 
means of the "Miller effect", and hence to vary the frequency of the beat frequency 
oscillator. Sinusoidal modulating signals down to 0=5 c/s were externally generated 
by a "Wien bridge" type of oscillator, vdiilst square and pulse waveforms were produced 
by a multivibrator. 
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Fig. ^ - Circuit of finipl i tude modulation generator 

4.2. The Amplitude. Modulation Generator (Tone and Programme Tests). 

To simulate amplitude fluctuations on recorded programmes, it is necess^y 
to, amplitude modulate a "carrier" (the programme ) which has an extensive spectrum, and 
to do this in a manner vtich produces the necessary sidebands without significantly 
distorting the "carrier" or adding the modulating function to the output. Pig. 4(a) 
shows a basic method of achieving this result. The programme ei is fed to a potentio- 
meter comprising Ri and Ra, the value of R2 being a function of the modulating signal. 
Rg could be varied by mechanical means, and the output signal eo would then be 
modulated as desired. 



A modification of this, the basic circuit actually employed, is shown in 
Fig. 4(b). The mechanical variable R2 in Fig. 4(a) is replaced by a rectifier RX2, 
whose resistance is a function of the e.m.f. applied. to it. In addition to the 
resistive chgnge, the modulating e.m.f. itself appears across the output of RXg. 
This can be eliminated by using the balanced arrangement shown and the output from T2 
then contains only the wanted products. The modulating signal is fed from cathode 
follower V, to the junction of the rectifiers and mid-point of the primary winding of 
T2, the potentiometer P adjusting the standing potential on the rectifiers to produce 
the best working conditions. When the relative values of alternating and direct 
potentials are suitably proportioned, sensibly linear modulation up to about S5% can 
be obtained, but great care must be taken to avoid both resistive and reactive 
unbalances if the modulating signal itself is to be kept below audibility threshold. 
The calibration of the modulator presents no special difficulties. 



5, CALIBRATION OF PITCH FLUCTUATION QBNERATORS. 

5.1. The Magnetic Disk Flutter Generator. 

The degree of amplitude modulation of a signal can be measured without much 
difficultyi the assessment of frequency deviation, however, requires care, especially 
when, as in recording systems, a component tone may be modulated at a rate in excess 
both of the deviation and frequency of the tone itself. This is a condition far 
removed from normal frequency-modulation practice. Fortunately wow and flutter are 
by their stochastic nature, phenomena such that in practical cases the frequency 
deviations are small. Thus the notion of "instantaneous frequency" can be usefully 
employed and approximate solutions to the nature of the resultant waveforms obtained. 




The calibration of the magnetic disk flutter generator is easily accomplished 
since speed variations can be deduced from measurements, centred on one particular 
frequency. For a given speed change the absolute frequency change in a recorded tone 
is proportional to the frequency of tone and a fairly high frequency is, therefore, 
convenient for calibration. If too high a frequency is adopted, however, the 
amplitude modulation resulting from disk eccentricity and out— of— contact working, 
together with general system noise, present difficulties. A nominal calibration 

frequency of 8 kc/s was therefore chosen 
and any amplitude modulation present was 
removed by a simple diode limiter. The 
calibration was carried out by applying the 
3 kc/s tone, in which flutter has been 
introduced by the generator, to a discrim- 
inator network which transformed the 
frequency variations into amplitude 
variations. The disk flutter generator is 
not used to produce a flutter frequency in 
excess of 100 c/s so the discriminating 
nfetwork is not called upon to perform a 
linear amplitude conversion above this 
frequency*. In this case a conventional 
"phase" discriminator of the type shown in Fig. 5 can be used to advantage. Fig. 6 
shows that the performance of this discriminator is adequate if the half— bandwidth is 
150 c/s, and mistuning 50 c/s. In this condition the amplitude modulated response at 
a flutter rate of 100 c/s and 1' 5^ magnitude is in error by 1 db and frequency 
deviations of 0° I56 produce amplitude modulation of the order of 10%. Measurement of 
the rectified output of the discriminator enabled the speed vatrlations of the canti- 
lever— head system to be related to the e.m. f. applied to the moving— coil drive system. 
The flutter region calibrated lay between 2 c/s and 100 c/s at magnitudes up to l-5% 
and the ratio of velocity change to driving e.m. f. was found to be sensibly linear 
except for changes of less than 0°25f at frequencies below 1 c/s. In the latter 
region friction in the pivot system became an appreciable factor, but in practice such 
Conditions were not used, being below subjective threshold. 



Fig. 5 - Discrimination for lower 
range of flutter frequencies 



*The behaviour of discriminators Is, In general, extremely complicated, and the question will 
be examined In more detail In another report. It will there be shown that the familiar 

dilemma of "speed versus resolution" Is In evidence and that attempts to increase the sensi- 
tivity of amplitude conversion for small deviations entail an unwanted discrimination against 
higher flutter rates. 
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Fig. 6 - Output of discriminator at various 
Modulating frequencies 
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The calibration procedure for impulsive or square-wave modulation of the 
recorded signal was exactly the same, for the flutter waveforms were spectrally 
restricted to a few hundred cycles hy the electro— mechanical behaviour of the system 
amd the discriminator frequency response was therefore still quite adequate. In 
certain experiments the moving reproducing head system was driven. by a source of 
random noise, and a pen recording was taken of the discriminator output. The 
frequency deviations were, in this case, of a statistical nature, and the measurements 
were carried out, and results analysed, in the manner suggested by Axon aind Davies . 
The distribution of frequency deviations measured from the ordinates of the pen- 
recording were closely described by a form of Poisson relationship, 

(?(R) = Jr/2XS.R2e°*^^ 

where q iR] is the number of occurrences of a frequency fluctuation of magnitude R and 
K is the total number of fluctuations recorded. The mean of the distribution has a 
value of 3X and the mode a value of 8X. Thus the probable frequency excursions can 
be related to the level of noise fed to the drive system. 

5,8, The llectronic Flutter Generator. 

Tests with pure tones involve a more extreme range of measurement, for test 
tone frequencies may range from 50 c/s to 10 kc/s, and modulation rates from 0° 5 c/s 
to 10 kc/s. Thus the discriminator Used for calibrating the magnetic disk generator 
was of little use. however, it can be shov.-n that use may be made of a 

differentiating network having an output simply proportional to frequency, with linear 
phase shift, so enabling a wide range of values to be measured without error. All 
practical circuits have a cross— over from this ideal regime at some frequency, but this 
can be made to take place outside the range of significant sidebands. 




Fig. 7 - Discriminator circuit for 
higher range of flutter frequencies 




Fig. 8 - Voltage relations in 
discriminator circuit 



The sensitivity of such an 
arrangement is unfortunately small, giving 
only a frequency-to-amplitude-modulation 
conversion of unity. Since the effects to 
be measured are of the order of 1% , the 
reading of such small signals must be 
facilitated without recourse to frequency- 
dependent networks. This is accomplished 
by a circuit which is shown in essentials 
in Fig. 7. The signal e^ after passing 
through the differentiating network CR is 
fed to the diode N which cuts off signals 
below a value of e. This value is 

adjusted (see Fig. 8) to be just below the 
minimum modulated input. The emerging 
voltage Co is thus modulated by a large 
percentage, and is more easily amplified 
and measured. In view of the widely 

varying ratios of carrier to modulation 
frequencies that are possible, the measure- 
ment is conveniently carried out by means 
of a scale on a cathode ray tube, display— 
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ing eo on a suitable time axis. Without this visual display there are measurement 
difficulties when the modulation frequency approaches, or becomes greater than, the 
carrier frequency. 



6. DISCUSSION OF EXPERIMENTAL PROCEDDBE. 
6.1. General. 

The aim of the experiments ,is to determine when modulation of the test 
signal is first noticeable, i.e. the subjective thresholds are measured under chosen 
conditions and are not necessarily associated with annoyance value. In practice the 
effects of modulation may not always be displeasing from an aesthetic viewpoint. The 
experiments fall into four broad classes, namely the amplitude or frequency modulation 
of test material consisting of tones or broadcast— type programme. Although a prime 
object is to establish tolerable degrees of wow and flutter vmder practical conditions, 
such a wide range of possibilities exists that it is impossible to arrive at any 
single figure of merit which covers all possible conditions. The effect of wow or 
flutter in particulaa? circumstances may have to be inferred from, or supplemented by a 
knowledge of, effects vAiich may at first sight appear remote to the question. 

Frequency fluctuations are almost always associated with amplitude effects. 
For example, in any recording system where reproduced output is proportional to 
velocity, the flutter must be accompsinied by an amplitude change. The magnitude of 
this effect may be negligible, but a much larger degree of amplitude modulation can 
arise in other ways. It is produced, for example, by listening enclosures and even 
by the ear itself, whenever frequency modulation is present. Hence it is of interest 
to determine the subjective threshold of amplitude modulation ailone. 

Experiments were made, in the course of the work, using both headphones and 
loudspeakers. The choice of loudspeaker can affect the results, especially in the 
case of frequency modulation (flutter) of a tone carrier, vhere local irregularities 
in the loudspeaJter-response curve produce undesired amplitude modulation. The 
production of harmonics by non— linear behaviour also tends to make the value of 
threshold lower. Effects of this kind are fortunately largely masked when using a 
programme source. The loudspeaker unit used for the experimental work described was 
the LSU/10, and experiments were conducted in the listening rooms at Nightingale 
Square and Kingswood Warren to simulate typical listening conditions. The reverbera- 
tion/frequency chsiracteristics of the two rooms are fairly level at lower frequencies 
in both cases, but they fall gradually at high frequencies. The Nightingale Square 
room, volume 2,850 cu.ft., has an average reverberation time of about 0° 55 seconds, 
emd the Kingswood room, volume 1,890 cu.ft., a reverberation time of about 0°45 seconds. 
Experiments on a single subject suggest that these differences of reverberation time 
in the enclosure have no appreciable effect on the results. The wow threshold on 
piano music was compared for two cases, first as heard under normal conditions, and 
secondly as heard in an echo room on a different type of loudspeaker. With the 
proviso that the criterion of "just-noticeable" wow had to be somewhat adjusted in 
view of the initial jumble of sound (the virgin state could even have been taken as 
wow by an untrained observer), there was no significant difference of results. 
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6.2. Tone Tests. 

In an early group of experiments to determine the threshold of modulation 
effects on pure tones, the signal was presented to the subject through high-grade 
moving coil headphones. The headphones were subjectively calibrated for loudness 
level in the audio range, and the level chosen (unless otherwise stated) was 75 phons, 
which corresponds to the preferred peak listening level for light music programme? 
Test tones of various frequencies between 50 c/s and 10 kc/s, modulated at frequencies 
unknown to the subject, were presented in random order. Various discrete levels of 
modulation of a test tone were presented, and the subject asked if the modulation was 
audible or not. The results with any subject were found to be surprisingly inconsis- 
tent and it was soon realised that aural fatigue and auditory imagery were serious 
factors in these circumstances. The eaj? rapidly tired of the repetition of a pure 
tone, and furthermore, once a given rate of modulation had been heard, it gave rise to 
an after— image which was often most pronounced. Even if a pure tone was presented 
afterwards, considerable "hysteresis" was evident, the modulation still being "heard 
in imagination". 

It was found that greater consistency resulted if the pure tone was first 
presented ajid the modulation gradually increased until the subject indicated he was 
aware of a change. On the account of the hysteresis effect, no attempt was made to 
repeat the test on a descending scale and the tone was cut quickly upon recognition of 
the modulation, in order to avoid fatigue. A new test frequency then followed, 

together with a new modulation frequency. This technique seemed to reduce consider- 
ably, the fatigue of the subject and the aural imagery (possibly due to psychological 
rather than physical factors) seemed to be reduced by the subject's knowledge that the 
next rate would be different, even though he did not know precisely how different. 

The same method was also employed in other experiments, using a loudspeaker 
in place of the headphones, when it was not desired to eliminate the effect of room 
eigenmodes. 

6.3. Programme Tests. 

In the experiments with musical programme in listening rooms, a small group 
of subjects was tested at one time. Since it was impossible in these circumstances 
to arrange for the peak programme level to be exactly 75 phons for each subject, the 
seating was arranged to give roughly an equal scatter above and below this figure. 
In such rooms, however, the general loudness does not change rapidly for slight 
changes of position and a greater change is probably that due to non-axial frequency 
response of the loudspeaker. 

Subjects who did not understand the term "wow" and "flutter", and who were 
not well acquainted with their effects, were allowed to hear typical samples before 
the tests commenced. Bach subject had a switch -vAiich could be "made", without the 
knowledge of the other subjects present, when the occurrence of some disturbance, 
thought to be due to frequency fluctuation, was heard. This tended to reduce the 
competitive element and eliminate a "chain-reaction" after the most sensitive listener 
had pressed his switch. Individual identity was lost by this system, but identical 
groups could, of course, be reassembled for repeat ejcperiments and individuals could 
be tested singly when desired. 
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The presentation of frequency fluctuations in a musical programme is 
complicated by the fact that there is no steady state of the "carrier" as in the case 
of pure tone. The detection of modulation of a tone depends on the ear's ability to 
detect the addition of sidebands to a single line of the audio spectrum, that is to 
detect an increase of entropy from a state of complete order. The controlling time 
element of such a performance is psychological. The other extreme of modulating 
"white noise" gives an entropy reduction from chaos, but a chaos statistically 
invariant in time as interpreted by aural and psychological mechanisms. A musical 
programme lies between these extremes, the order-disorder being aesthetically control- 
led on a time scale of aural significance. It seems reasonable to suppose that for 
this sort of disorder phenomena, a given degree of fluctuation will be most noticeable 
at a time tAien the residual material is most ordered, or uniformly disordered. There 
are complicating factors, but the general validity of the thesis is borne out by 
ejcperience. It is well known that a fixed degree of wow is more noticeable on piano 
music than on speech, indeed a very large fluctuation is necessary sensibly to affect 
the latter. To fix a tolerable level of wow and flutter for practical purposes it is 
best to select a type of programme material v±Lere the effect is most obvious, so that 
the effect of the chosen tolerance on other programme material is likely to be 
negligible. The closest instantaneous approach to an ordered pure-tone regime is 
achieved. by a piano or church organ. In many other instruments, as in the voice, it 
is common for the performer to introduce vibrato effects which may be mistaken for wow. 
Thus in the main body of experiments on programme wow a piano solo was used, provided 
conveniently by an automatic player-piano. The instrument had to be in a very good 
state of tuning, otherwise beats greater than those inherent in the equal temperament 
scale could mask the wow effects to some extent. 

If the reasoning set out above is correct, it would be expected that a work 
with fairly long sustained notes or chords would show the effects more markedly than, 
say, a florid toccata. This seemed to be the case in practice. One of the composi- 
tions used.was Ireland' s "Island Spell", another wasaLiszt transcription of Schubert's 
"Am Meer", edited with removal of the more florid sections. The works presented 
steady, slow chords, making possible the adoption of the following scheme. A 
particular waveform and frequency of wow having been selected, the piano programme was 
modulated in increasing discrete steps of ten to twenty seconds duration. At any 
particular level there was sufficient time for the programme to pass through a state 
of easy recognition, and variations of sound level and tone durations were reasonably 
constant between any group of levels. Any accidental weighting due to the time at 
which a certain level was presented could be corrected by giving further tests in 
which the process was repeated with the same time sequence, but in different order. 
The increase of wow on the programme continued stepwise until, the most insensitive 
listener indicated recognition. Suitable increments in wow level were decided by 
means of pilot experiments. 

As the initial experiments progressed, it became apparent that the subjective 
threshold of the frequency fluctuations was sufficiently large to permit pre-recording 
of certain test sequences. A check showed that there was no significant difference 
in the results given by the same group of subjects when the pre-recording was done on 
a machine whose fluctuations were of the order of 0° 1% peak with waveforms of an 
irregular nature. During the tests, the number of subjects having "made" their 
switches at a given time was registered on a meter, and the corresponding fluctuation 
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level determined on a pre-arranged time schedule of the test recordings. Ejcperiments 
with amplitude modulation were carried out in essentially the same manner. 



7. RESULTS OP AMPLITUDE MODULATION TESTS. 

7.1. Pure Tone: Sinusoidal Modulation. 

The suhjects, eight in number, were all engineers fairly accustomed to 
listening to such effects and the signals were heard on headphones at a constant level 
of 75 phons. The mean values of the results for threshold of detection are plotted 
in Pig. 9. The general appearance of the variation is not unlike the Pletcher-Munson 
loudness contour for moderate levels. The ear seems to exhibit regions of enhanced 
sensitivity around 700 c/s and 4 kc/s with enhanced perception of modulation frequen- 
cies around 3 c/s or 4 c/s. At modulation rates below 0° 5 c/s comparisons become 
difficult. Here memory seems to be called into play. The finding that perception 
is most difficult at rates around 50 c/s was first suspect; it may have been that the 
engineers had grown accustomed to "mains hum", or that very small amounts of 50 c/s 
hum were having a masking effect. Such, however, does not seem to be the case, and 
the phenomenon has now been verified by other workers . 
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Variation of subjective threshold for sinusoidal amplitude modulation of 
pure tone heard through headphones 
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The rise of threshold level towards the lower test frequencies which takes 
place at all modulation frequencies is doubtless related to the decrease of "just- 
noticeable" loudness steps in the intensity gamut at low frequencies . It will be 
observed that there is a sudden dip in the curve when, say, 100 c/s tone is modulated 
at the same rate. This is because the slower beating of frequencies in this area is 
more easily detected than the higher rate components causing them. 

Over a large part of the audio spectrum it will be seen that some S to 456 
amplitude modulation is necessary for aural detection, depending on the modulation 
rate. The standard error of the means was of the order of bf over this region but it 
rose to about 10^6 in extreme regions, i.e. when using modulation frequencies of 
100 c/s, or 10 kc/s tone modulated at almost any modulation frequency. The means may 
be even greater in the latter region with a larger population, for it is well known 
that the perception at high frequencies decreases with age and other factors, and the 
present experiments used subjects mostly between the ages of thirty and forty years. 
From these results it is evident that amplitude modulation produced directly in 
velocity responsive systems is of little consequence, for it will be shown that about 
3% of frequency modulation is far more objectionable. 

A few observations were made on a tone of 1 kc/s when the frequency of 
amplitude modulation was extended beyond 100 c/s to the higher end of the . audio- 
frequency region. The mean results for a single subject, which are shown in Pig. 10, 
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indicate that the ear is extraordinarily sensitive to changes occurring at rates 
greater than those normally considered in wow phenomena. Above 100 c/s the threshold 
falls rapidly so that at a modulating frequency of about 5 kc/s, almost 0- I5C amplitude 
modulation can.be detected. There are regions of slow beating around the auto- 
modulation* frequency and its harmonics, and since the slow beats are less audible 
than the tone in the region, the threshold is raised locally, a converse effect to 
that noticed in the first experiments. 

7.S. Pure Tone: Square-Wave Modulation. 

Only qualitative experiments were carried out on amplitude modulation by 
waveforms of square or impulsive nature. In this case most of the information is 
dependent on the precise phasing of the modulating wave with respect to the carrier. 
When the periods of modulation and test tone are harmonically related a repetitive 
"crack" is heard, whose loudness is a function of the phase difference, and when the 
periods are not so related the "crack" waxes and wanes with the changing phase of 
modulatibn. It is unlikely that a detailed knowledge of this is of much value in the 
present enquiry. 

7.3. White Noise: Sinusoidal Modulation. 



The subjective effect of amplitude modulated noise is of considerable 
practical interest. In conditions where the recorded signal-to— noise ratio is poor, 
such as could occur in the "dubbing" of archives, it may well be a most significant 
factor. The mean results of six tests on "viiite" noise heard through the loudspeaker 
LSU/10 at standard level are shown in Pig. 11. It will be noted that the most sensi- 
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tive discrimination is in the region of 3 or 4 c/s, as for pure tone, but unlike 
pure tone the percentage modulation at threshold does not seem to decrease at all 
above 100 c/s. Some 5% amplitude modulation is required for detection at the most 
sensitive point which corresponds to the average subjective behaviour with a modulated 
pure tone of approximately 150 c/s. 

7.4. Piano Programme: Sinusoidal and Square Wave Modulation. 

To determine the order of magnitude of amplitude modulation which is 
significant under practical conditions, the threshold was assessed by a dozen subjects 
listening to piano programme at the preferred level through the loudspeaker. The 
subjects were again engineers who were familiar, to some extent, with the nature of 
the effect. The mean results for sinusoidal modulation, viiich are shown by Curve A 
of Fig. 12, suggest that between 2 c/s and 80 c/s the rate is not a critical factor, 
whereas at 0° 5 c/s the threshold has about doubled. At still lower frequencies 
the results must depend on the sense of absolute intensity. 
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Fig. 12 - Variation of subjective threshold for amplitude modulation of 
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Curve B, taken under the same conditions, is for one exceptional subject 
with musical interests, who was found throughout various tests to possess a very acute 
discrimination. It is interesting to note that while these results fall within the 
deviations of the main group at the extreme frequencies, they are some 305^ less in the 
2 c/s to SO c/s zone. 
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Curve C shows the mean results of the whole group when the programme was 
modulated by square-wave transitions. The shape is similar but the threshold is, as 
would be expected, depressed, particularly in the 0=5 c/s region. The value there of 
10° 5^ corresponds to about 1 db change, popularly supposed to be the least noticeable 
level change. The reduction in threshold is accompanied by am. increase in ease of 
judgement. 

7.5. Piano Programme: H.F. Sinusoidal and Noise Modulation. 

The great reduction of threshold found when tone is modulated at frequencies 
beyond, a few. hundred cycles, suggested that a similar state of affairs may be true for 
programme material. A test was, therefore, carried out with one of the more 

sensitive tjbservers from the previous amplitude modulation experiments and the results, 
shown by Curve A, Fig. 13, confirmed the effect. In general the threshold is, as 
might be expected, considerably greater than for a pure tone, but the general sh^e 
of curve is similar, apart from the absence. of zones of beating. In the 5 to 6 kc/s 
modulation region, however, the results are almost identical to the pure tone case. 
The aural impression is as if each percussive note excites a small, tinkling bell, and 
it may not be aesthetically displeasing. It is a good example of the hiatus between 

threshold value and annoyance value of these parasitic effects^ in fact the latter 

may be difficult to achieve in an age accustomed to synthetic music. 
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Th.e state described could arise if, for instance, a magnetic tape was finely 

and regularly milled across its length an unlikely state of affairs. Similar 

random variations of a medium undoubtedly do take place, however, and give rise to 
noise modulation. Hence the threshold level was examined when the programme was 
modulated with initially "vdiite" noise restricted spectrsAly by a series of low^pass 
filters. The results shown by Curve B of Fig. 13 present threshold level (% ampli- 
tude modulation) versus the upper cut— off frequency of modulating noise. In no case 
do the noise components extend much below 20 c/s. 

The results, except for the absence of a sharp dip at 6 kc/s, closely 
resemble those for H.F. sinusoidal modulation. Whenmodiilated by wide-band noise the 
programme . is , at once judged to have something of the character of poor tape recording, 
or of a slightly worn disc with a "gritty" accompaniment. The very marked decrease 
of the threshold when noise components extend beyond 1 kc/s is interesting, and 
indicates the value of polishing the surface of recording tapes, if by this process 
the occurrence of random high-frequency amplitude modulations are reduced. In a tape 
recorded at 15 inches/second, for examplej undulations have a most serious effect vhen 
they occur at intervals shorter than 0*015 inches; undulations occurring at greater 
intervals would need some ten times the amplitude to have so severe an effect, unless 
they were of the order of a foot in length. The latter order would again bring the 
effect into the lower dstnger region of 2 to 3 c/s, where aural sensitivity to all 
types of fluctuations seems to be enhanced. 



8. RESULTS OP FRB9D1NCT MODULATION TESTS. 

8.1. Pure Tone: Sinusoidal Modulation. 

The perception of frequency fluctuations is dependent on what is often 
called the dif ferentieil pitch sensitivity of the ear.. This sensitivity depends, 
however, on the conditions of experiment. The classic experiments of Shower and 
Biddulph were carried out using ain arbitrary waveform in the sensitive zone of 2 or 
3 c/s for modulating the pure test tones which were then presented through headphones 
at various intensity levels. The present experiments Eire intended to cover a wider 
range of modulating frequencies and waveforms at a fixed intensity level. 

The mean results for a group of twelve subjects (engineers, age 30 to 40 
years) using headphones are shown in Fig. 14. The results indicate the peak frac- 
tional frequency deviation just detectable at frequencies in the audio range, with the 
modulation frequency as parameter. The results, expressed in this manner, show that 
much smaller percentages of frequency shift thein of amplitude changes (Pig. 9) are 
noticeable. Otherwise there are features in common, however, such as the increase of 
threshold at low frequencies and the sensitive region around 1 kc/s and tor modulation 
frequencies of 2 or 3 c/s. ^There is euLso the zone of beating when 100 c/s is auto- 
modulated and a threshold maximum around 50 c/s modulation frequency. The standard 
error of means was of the order of 5$ except at extreme values of both parameters, 
where it was double this value. 

The results were extended at the single -^ test frequency of 1 kc/s to cover 
modulation frequencies beyond 100 c/s. The results of Pig. 15 are for a single 
subject, the ordinate being modulation index and not fractional frequency deviation. 
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A Gomparison with. Fig. 10 reveals the interesting fact that for modulation frequencies 
greater than 100 c/s, the threshold value of modulation indices is essentially the 
same for both amplitude and frequency modulation. 

When a tone of varying pitch is heard through a loudspeaker in a normally 
reverberant room, instead of through headphones, the aural discrimination is affected 
by the tendency of the enclosure to form standing-wave patterns. In order to 

establish the rough order of magnitude of the smallest frequency excursion that could 
be detected under these conditions, an experiment was performed in the listening room 
at Nightingale Square using a frequency modulated tone fed to the loudspeaker. Every 
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Fig. 16 - Variation of subjective threshold for sinusoidal 
frequency modulation of pure tone 
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Conceivable device to enhajice detection was employed in the experiments. For each 
particular test tone and modulation frequency the subject sought a position in the 
room where detection was enhanced either by the position of a nodal point, reflections, 
or harmonics of the tone, etc. No accurate level of sound intensity can, therefore, 
be' quoted for the experiments at the instant of the measurement, for this level 
depended entirely on the spatial position of the subject as well as the loudspeaker 
response. The average level of 1 kc/s in the centre of the room was, however, 
adjusted to 75 phons. 

Rather surprisingly these single spot results yielded not unreasonable 
curves, which are shown in Pig. 16. Tendencies similar to those shown by previous 
results. are in evidence, both as regards the raised threshold at higher modulation 
rates and the sensitive region in the 2 kc/s zone. The action of the room enclosure 
has been, in general, to reduce considerably the absolute threshold values. 

8.S. Pure Tone: Square-Wave and Impulsive Modulation. 



If the pitch. of a tone is changed abruptly, a greater number of sidebands 
are produced than is the case for sinusoidal modulation, with consequent lowering of 
the subjective threshold. The experiments of the last section were, accordingly, 
repeated using square— wave modulation and impulsive modulation produced by "differen- 
tiating" the square waves in various degrees to produce exponential decays of time 
constant 40, 5 and 1 milliseconds. The results of Fig. 17 show that the threshold is 
lO 
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O 1 • 3 c/s rep.ra-te. 
1ms. » S c/s rep. rate. 
.X 2 5 c/s rep. rate. 

D 1-3 c/s rep.ratc. 
Sms' + 5 c/s rep.rate. 
_A 2 5 c/s rep.rate. 

A - 1 and 5ms impulses , l'3, 5 and 25c/5 rep.rates. 
B— 40ms impulse, 25 c/s rep.rate. 
C~40ms impulse, 5 c/s rep.rate. 
D ~ 25 c/s square. 
E — 5 c/s square. 
F - 1-3 c/s square. 
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less dependent on the modulation frequency than is the case for sinusoidal modulation. 
When the transients decay with a 40 millisecond time- constant, the threshold rises and 
dependence on modulation frequency is further reduced. With a decay as fast as that 
corresponding to time constants of 1 to 5 milliseconds, the subjective threshold level 
is virtually independent of the time constant or repetition rate, between 1 c/s and 
25 c/s at least. The variation with these parameters is of the order. of experimental 
error, and a single representative curve has been drawn through the points. For 
square waves the standard error of the means was, in general^ less than 5^ in the 
1 kc/s region, again rising to about twice the value in the 100 c/s region, 
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Fig. 18 - Variation of subjective threshold for square-wave frequency modulation of 
pure tone heard through loudspeaker LSU/iO 



26 



That the perception of a series of "plops" does not markedly depend upon the 
rate of presentation seems reasonahle from spectral considerations, for at 5 milli- 
seconds the envelope of sideband energy is spread "beyond 60 c/s, and the detail of 
line spectrum within it is unlikely to be of first-order consequence to the filter 
system of the ear. 

The square-wave modulation was also repeated using a loudspeaker in the 
listening room exactly as described in the previous section, and the results of the 
single observations are shown in Pig. 18. It will be seen that detection of most 
minute changes is possible, the most extreme in this case being 0°024 c/s at 2 kc/s 
with a 1° 3 c/s modulation frequency. It seems unlikely, therefore, that any recording 
of pure tone could be considered free of wow when heard in an enclosure. The change 
detected is not, of course, the frequency change per se, but the amplitude change 
caused by the modification of the standing-wave pattern of the enclosure. 

8.3. Piano Programme: Sinusoidal Modulation. 

Possibly the most important single class of fluctuation phenomena in 
recording systems are the periodic effects associated with non-centred discs or 
eccentric drive mechanisms. The word "wow" indeed suggests the almost sinusoidal 
change of speed at a frequency of 1° 3 c/s which is commonly found in the reproduction 
of gramophone records. Present recording practice involves, however, a fundamental 
wow/flutter range from 0°5 c/s, found in "long-playing" and transcription work, up to 
96 c/s which is produced in cine-film equipment. The experiments were, therefore, 
designed to cover this range as far as possible. 

The subjects, about seventy in number, embraced a variety of ages, and 
included fourteen female subjects, sixteen subjects not associated with "sound engineer- 
ing" in any way, and over a dozen engineers with specialist interest in the acoustic or 
audio— frequency field. The results of the experiments are shown in Fig. 19. The 
three upper curves are the mean values for the whole population (Curve B), for sixteen 
non-technical subjects (Curve A), and for fourteen female subjects (Curve C). The 
curves below, which are labelled correspondingly, show the standard deviations in each 
category. The distribution of threshold recognition versus fluctuation level was 
reasonably normal for the larger population. A histogram referring to 1° 3 c/s 
modulation is shown in Pig. 20, superimposed on which is the corresponding normal 
distribution (not necessarily the best ordinate fit). The deviation of the two 
accompanying samples v/as calculated on a basis of normal distribution also, although 
these smaller samples were often skew towards the higher fluctuation values. 

The curves exhibit features in common with those for pure tone, except that 
the most easily recognised modulation frequency has increased from about 3 c/s to 
between 5 c/s and 10 c/s, and the maximum which appeared around 50 c/s in pure tone 
tests is not now in evidence. 

A new feature is the tendency to a slightly raised threshold at 2° 5 c/s, 
which becomes progressively more marked with the general increase in threshold values 
in passing from Curves C to A. A similar tendency is manifest in the standard 

deviations, which peak at 2' 5 c/s in all three cases. The reason for this effect is 
not understood, and it has been observed at varying times, with different piano 
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Fig. 19 - Variation of subjective threshold for sinusoidal frequency modulation 
of piano programme heard through loudspeaker LSU/IO 
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Fig. 20 - Distribution of subjective thresholds for 1-3 c/s sinusoidal 
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Fig. 21 - Variation of subjective threshold of four subjects for 
sinusoidal frequency modulation of piano programme (LSU/iO) 

programmes and in different listening rooms. Pig. .. 21, which shows the results of four 
individual observers, is interesting in this respect. It will be seen that two of the 
subjects do not exhibit the effect, whilst subject (3) shows it to a remarkable degree. 
There seems to be a minor tendency to increased sensitivity in the 5-10 c/s zone in 
subjects exhibiting this peculiarity. 

This threshold increase at 2'5 c/s is possibly associated with rhythmical 
fluctuations of programme loudness at that frequency, vdiich may confuse recognition to 
an extent dependent on musical training. As a matter of interest a rough check was 
made of the distribution of frequencies in the amplitude modulation envelope of 
"Am Meer" as edited and played under the standard conditions. The intensity level 
was recorded at very slow speed, aaid this signal, reproduced many times faster, was 
analysed by observing the output of filters tuned to the desired multiple of the 
rhythm sought. The results. Fig. 22, show the logarithm of average intensity changes 
plotted against particular rhythmic (fluctuation) frequencies in the programme level 
envelope, throughout the duration of the piece. There is' a large fluctuation at 
0*5 c/s, as was expected from the tempo aaid rhythm of the music, falling sharply as 
the frequency increased, but it will be noted that the level around 2*5 c/s is rather 
larger than would be expected from the general trend. The subjective thresholds for 
frequency fluctuations occurring with pure tone and amplitude modulated carriers would 
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Fig. 22 - Average intensity changes associated with various rhythmic 

frequencies in "Am Meer" 



be likely to exhibit differences correlating with this type of data, and it is 
tempting to assume such a correlation even if the modulated "carrier" were programme. 

This aspect has not, however, been pursued all that can be said is that the result 

in the one case is not at variance with the idea. 

The results in Pig. 19 exhibit a very similar trend in the means of samples 
A and C, despite the fact that with the relatively large deviations (of 30* order) 
there is little significance between means at a particular modulation frequency. The 
fact that the curves closely maintain a similar shape over the whole frequency range 
suggests -greater significance. This was checked by combining the readings of the 
samples for all frequencies in the tests. To achieve this the means and deviations 
at a particular frequency were first expressed as percentages of the whole population 
mean. Three new sets including readings for seven frequencies up to 50 c/s were then 
derived, and their means and standard. errors calculated for the combined number of 
measurements (i.e. for seven times the number of subjects in the original samples). 

The result was: 



Class 



Mean * 



A 


116 


B 


100 


C 


87 



Standard Deviation % 

39 
32 
33 



Standard Error 

1=5 
3-4 



The threshold difference between subjects of samples A and C, considering 
all modulation frequencies, clearly has amarked significance, although the possibility 
of ■unsuspected bias still exists with such relatively small samples. 

8.4. Piano Programme: Square Wave Modulation. 



The tests involving square-wave modulation were restricted to frequencies 
below 10 c/s, due to the limited response of the flutter generator. The group of 
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Fig. 23 - Distribution of subjective thresholds for 0*55 c/s square-wave 
frequency modulation of piano programme 
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subjects, 28 in 11111111) er, was similar to population B of the previous section. Again 
the voting distributions were of fairly normal cha,racter emd an example for 0° 55 c/s 
modulation frequency is shown in Fig. 23. 

The summarised results (Pig. 24) show that both the means and deviations 
are, in general, less than for the sinusoidal case, as expected. The depression of 
threshold is most marked at the lowest frequencies, which seems reasonable in that 
here the harmonics of modulation fall within a descending part of the sinusoidal 
component curve, tending to enhance recognition, whilst the reverse is true above 
5 c/s where the harmonic modulation frequencies are less effective relative to the 
fundamental. With the spectrum restricted to a hundred cycles or so, the square and 
sine curves would be expected to become nearly identical eiround 10 or 20 c/s and this 
seems to be the case. If, of course, the "square" wave spectrum was unbounded, a 
further depression of threshold would be expected at all these frequencies, due to the 
presence of damaging harmonics at high audio frequencies (see Pig. 21) but such a 
state of affairs is virtually impossible in practical recording equipment. 

8.5. Piano Programme: Impulsive Modulation. 

The effect of a transient wow due to intensittent causes, such as tape 
adhesion, etc. can be roughly simulated by applying pulses to the flutter generator. 
The recognition of a single pulse is not a substantially different matter from the 
recognition of a train of pulses viien the repetition rate is small. Por convenience 
in the present experiments pulses were, therefore, presented every two seconds. The 
pulses had a decay time— constant of 80 milliseconds and their shape is shown in 
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Fig. 25 - Distribution of subjective thresholds for impulsive 
frequency modulation of piano programme 
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Pig. 25, together with, the results for the same group of 28 subjects. The voting 
histogram was found to approximate to a normal distribution with mean of 0°81^ peak 
wow and a standard deviation of 0=21^. 

8.6. Piano Programme: Random Modulation. 

The residual wow of high-grade recording machines does not, in general, have 
obvious periodicity, but is of a stochastic nature. It is, therefore, of interest to 
examine the subjective effect of such fluctuations. The frequency fluctuations 
produced by the wow generator when fed by a source of random noise yielded a Poisson 
form of distribution, not unlike the form which occurs in practical machines. The 
relationship was described in more detail at the end of Section 5.1, 

In the present experiment the piano programme was modulated in ten discrete 
steps up to 0' 55"^ mean fluctuation, and the number of subjects whose threshold lay at 
a particular level is sho■i^'n in the histogram of Fig. 26= The subjects tested 

comprised thirty-nine engineering and manual staff of various ages and both sexes. 
Four of the subjects did not detect the modulation at all, even at the maximum level 
presented. This, together with the shape of the voting histogram, suggests that the 
distribution is not a normal one. The distribution, in fact, appears to be of the 
same kind as that of the frequency fluctuations them^selves, and Pig. 27 shows a plot 
of logic [c<R)/R^] against R, where R is the mean fluctuation level and qCR] the number 
of subjects whose threshold falls at level R. The line logio[t;(R)/R2] = 2-94 - 4° 17R, 
calculated by the m.ethod of least squares, is a reasonable fit to these points. The 
value of X (Section 5.1) for the distribution, derived from the slope of this line, is 
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Fig. 27 - Distribution of experimental points about fitted Poisson relation 

0° 10. These constants admit the possibility of some three people from the group 
heing unable to detect the fluctuations up to the level presented, which is in 
reasonable agreement with the facts. The mode (2X) is of the value 0' 2% (..irean 
fluctuation) and the mean of the distribution (3X) is 0° 3^ which, in a distribution of 

this type, implies peak fluctuations of the order of 0°8^ the value for pulse 

recognition found in the experiment described in the previous section. 

8.7. Fluctuations in Other Programme Material. 

Prom the fluctuation viewpoint the piano is possibly the most pure tonal 
generator available, in that its mechanical action prevents accompanying vibrato, and 
for this reason it was used almost exclusively in this investigation. Even the organ 
may exhibit amplitude vibrato controlled by the "tremulant" stop, and electronic 
keyboard instruments, such as the clavioline, have special vibrato generators. Any 
vibrato, either of intensity or pitch naturally tends to mask the fluctuations caused 
by recording systems. An example of the fluctuation threshold for light theatre- 
orgam music is shown in Fig. 88 which summarises the results from nine engineers. 
The sound level, although occasionally peaking to 75 phons, in general tended to 
averaije 5 phons below this. In so far as comparison with Pig. 19, Curve B, is 
:o'--"iM?, the threshold is seen to be greater than that for piano programme, except at 
r t-ei i- flutter rates where it is of the same order. 
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Wow or flutter frequency, c/s 

Fig. 28 - Variation of subjective threshold for sinusoidal frequency modulation of 

organ programme 

The singing voice especially, has large amounts of vibrato Caruso, for 

example, tended to have a 7 c/s pitch vibrato of about Si peak. The transient nature 
of speech sounds, even unaccompanied by such vibrato, makes the recognition of 
frequency fluctuations difficult. The threshold value is about 2 or Q'f, peak at 1 c/s, 
and intelligibility is not affected by many times this atmount . Seashore*, in 
discussing vibrato as a musical ornament, says, "Much of the most beautiful vibrato is 
below the threshold for vibrato hearing, and is perceived merely as tone quality. 
Individual differences in the capacity for hearing the vibrato are very large. In a 
normal population, one individual may be 50 or 100 times as keen as another in this 
heauring". The meaning of the first sentence is rather obscure, whilst the truth of 
the second seems unlikely in the light of the present experiments. 



The perception of flutter in orchestral music is a very variable factor due 
to many changes of instruments and tone colours. Most wind instruments can, and do, 
produce vibrato, whilst violins as normally played are especially rich in the effect. 
Seashore quotes 6" 5 c/s as being an average frequency for both the intensity and pitch 
vibrato of violinists with a magnitude of 4"4 db (66!{) for the former and a quajrter— 
tone for the latter. This is about half the value produced by singers. It is 
hardly surprising then that the flutter thresholds tend to be greater, on the average, 
for orchestral music than for piano music. No detailed quantitative data is avail- 
able, and it would indeed be difficult to ascribe definite meaning to such information 
without embarking on a prolonged statistical treatment. In emy event this would be 
unlikely to influence the design of driving systems for recording purposes. 
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9. DISCUSSION. 

9.1. General. 

The experiments described have provided information on the human discrimina- 
tion of amplitude and frequency fluctuations, of various waveform and frequency, on 
tone, noise, and programme material. It is apparent that any "figure of merit" of a 
recording system from these viewpoints is markedly a function of the individual 
listener, of his environment, and of the recorded material. Although a considerable 
range of fluctuation magnitudes and frequencies have been explored in these experi- 
ments, it is pertinent to enquire to what extent these may be encotmtered in practical 
systems. 

9.2. Amplitude Fluctuations in Practical Systems. 

Dealing first with fluctuations of amplitude, all frequencies in the audio 
band would seem possible. Consider, for example, a recording delay system such as is 
used in the programme flutter generator and which is already in use for the production 
of artificial reverberation effects . Any variation in the separation of the heads 
and the medium will cause amplitude modulation and, depending on the angular velocity 
of the drum, these variations may be at any frequency from below Ic/s to about 85 c/s. 
Frequencies of amplitude modulation from here to about 1 kc/s may be produced by creep 
or distortion in the drum material or by "tool chatter" in -the machining. Finally, 
small irregularities of surface finish or inhomogeneity of magnetic coating may 
produce fluctuations up to the highest audible frequencies. These high— frequency 
amplitude fluctuations need only be of 0° 2^ order to be audiblej in fact some 
difficulty was at first experienced in eliminating such defects from the fluctuation 
generator. 

The amplitude modulation resulting from out-of-contact working with drum 
systems may possess unfamiliar features. There may, for instance, be apparent 
frequency doubling of the eccentricity modulation depending on the bias setting in the 
recording head. Thus if the bias current is adjusted for maximum sensitivity at the 
mean separation, then both the increase and the decrease of spacing will reduce the 
recorded level. Also, the reproduced signal is proportional to exp (— Stt d/\) , where 
d is separation between the head and the medium and A. is the recorded wavelength. 
Hence the amplitude modulation due to eccentricity is frequency selective, the lower 
frequency components of a programme being relatively unaffected. This feature 
requires consideration when assessing the subjective effect on programme on the basis 
of measurements at a single frequency, which is common practice, 

9.3. Frequency Fluctuations in Practical Systems. 

As regards frequency fluctuations, the fundamental range from about 0°5 c/s 
to 100 c/s is well known, and fluctuations of about 0° 1 c/s or below, known as "drift", 
can be dismissed from this consideration as subjectively unimportant unless '.he range 
of pitch wanders as much as a semitone for some period, when the possessor of absolute- 
pitch would immediately complain. Fluctuations of frequency in excess of 
, 200 c/s are not likely to be generated to any extent by existing recording systems 
because of the values of inertias and compliances generally involved in the mechanical 
systems. There are however some exceptions, for in magnetic recording systems the 
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mechanical constants of the tape are such that it may he excited by Coulomb friction, 
or random torques, into longitudinal resonance at frequencies of 1 kc/s or above, and 
anstlogous excitations of the pick-up in a disk system are theoretically possible. 
Such effects are unlikely to produce speed changes greater than I'f. 

9.4. The Composite Curve of Frequency Fluctuation Thresholds. 

The subjective threshold for fluctuations at frequencies greater than 
lOOc/swas not measured on programme material due to the limitations of the generator, 
but it is possible to assess its magnitude from other data. It has been observed, in 
the case of pure tone, that the threshold values of modulation indices for both 
amplitude and frequency fluctuations are virtually identical for modulation frequen- 
cies greater than 100 c/s or so (Fig. 10 and 15). From a spectral viewpoint this is 
heirdly surprising, for in this range the identity of modulation indices e}q)resses also 
the identity of energy distribution in the two principal sidebands, and the aural lack 
of phase-consciousness fails to resolve any difference. If we assume similar 
identity for the aggregate of frequencies in a programme source, the frequency- 
modulation threshold index will follow the amplitude-modulation index for programme 
(Fig. 13, Curve A) above 100 c/s, and so A/, the equivalent frequency excursion, may 
be derived from the index value by multiplying by p/ztt, the modulation frequency, at 
any point. The new curve of relative Af excursion above 100 c/s can then be 
normalised to produce the value actually observed at 100 c/s, and the composite 
threshold curve for the entire frequency range. is as shown in Fig. 29. A slight 
discontinuity of slope is noticeable at the 100 c/s junction, but no refined curve 
fitting was attempted as only an order of magnitude may be expected from this extra^- 
polation. 



KX) 



% 

U 

i. 

o 

c 

||.o 



O-i 



O-i 





-XTTT^t-r- 


;■■ ■■) — \ !.;;:. ....i...^— -- 


^ — , — ; . - 


M : 1 : ; : ' 


■ 1 '■ — ' - M .| -.f ! '-^ 


■ \ — ^^— 


1! : i : ■; 






;!■:.: i ■ ' 




■ ■ ' ' ■ 




J : 








^-U-U 




■ ■■■ i — ■■ : ':■,': ... .i -t- 


. - 


;....!;:■ 




ill 


-■-H i-i--H 


1 1 




-f-+-l-- 


H — h"H- 


1 i - ' i j 1 i : i 1 


— ^ 


~^-- — — ^4- 






■ ! i ; .i-U-^ 


j 




\y 


; 1 


j ■ ■ ' ' ; . . i 






. . ! 








1 He. 




j ' ' 
















1 ;>i 


ii 
















TS 




a.m.--..,,^^^^ 


»• *■ 1 -^-^-.^^..^^^^ i 






— 


44f 


I r 
-4-4 


\'^i^i^J,y^^^t^m^ 


L^ -^--^^ 




k-->. 7 


— i — f-^ 


i n M 


-^-+4- 


1 i ill.!: ^^U- 




-: jff^ — 


\ ^ — ^ — T 


' ■ j - 








-- 


yT 


\ \ r 









y , , 


\ jL i 


: : j ! ■ : ; 


! ^ ^ ■ ■ : ! : ' 1 1 


t 


— \ — ~^ — ' — ' — • — 


\^\" T~ 


■ ■ ! ' ■ ' 1 . 


: i : ^ ■ ■ : 1 




m 


\ \ / 


; ';;,■! 


: i : i : : . ' 




y^ 


\ \ / 


■ ■ ■ i i ' i ■ . . 






J^ 


\ \ / 










y \.' 1 ■ 


\ >»/ 


i 1 i II if 


W* 


■"^ 1 i 


h-M- 


1 




i j ■ : : i 1 : I ■ 


\ i 


\ h--^T^'f 




^f><" 




h— T-^ 




M:*^ 


JT. 'r ■ 


A 


: — ^_J : i 


\ — ' ' i\— "—Mf 


; ■ ' ! ! 


: . ' : 


TV 




■ 




J^ ■■ 


■ ■ 




i ■ \ ' , I- 




i i , M 








KtlT 


i 


T^ 


y^ : 


; ;l 1 i 1 1 


^ , , — 1 , u-t-^^ 


\^\, : , .| 


1 1 i u-f-l — 


: ! ' ' 1 






— 


HH- 


4^ 


r 






-^ 


\ , ^-+_^ . . i . 


. 1 — . ' \ -J-J 




i 1 


i ■ 1 


















• 


• i 1 ■ 1 ' ■ 


, \i '■ t' ' 




1 MM 


! ; ' 






















\ / 








! , i 


: 










\ 


* 




; : ' ' 1 ' 




; ' \ /' : 






: ! : i i j 


' t ■ 


j 




i. ! 1 i 


1 






h J 




1 ; M : i ; ' i ; 






n I ilm 


■ j i 1 


i i 


i 1 i. Ml 




i ■ ! 




i i i Hii : N 


: , : ! i 



lO 



too 

Fluctuation frequanc]r,c/s 



1,000 



lOPOO 
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The frequency modulation, curve of Fig. 29 suggests that a minimum of 1° 5^6 
flutter is necessary to create . a subjective effect above 100 c/s, and about 10^ is 
necessary in the region of 1 kc/s. There would seem to be little object, then, in 
extending the range of flutter measurement beyond a few hundred cycles, in relation to 
programme recording systems as known at the present time. 

9.5. The Specification of Tolerable Frequency Fluctuations. 

Turning to the problem of specifying tolerable fluctuations from the 
subjective viewpoint, it is clear that some practical compromise is necessary, for if 
we insisted on listening to, say, S kc/s steady tone in a room, the permissible peak 
fluctuation could not exceed the order of 0-005i. A reasonable compromise would be 
to consider the system fluctuations in the light of the more stringent programme 

conditions which occur most frequently in practice such as the piano programme used 

in the present experiments. A machine satisfactory on that basis would be adequate 
for organ and orchestral programmes, and virtually perfect for speech and. any unusual 
transient effects. In other words, in the specification of tolerable fluctuations, 
and in their instrumental measurement, due weight should be given to experimental 
findings (such as the present ones) TA-ich reveal the (unwanted) modulation frequencies 
to which the ear, iS-most sensitive and the type of programme on which these defects 
are most evident. "" A scheme for carrying out such sub jectively— weighted measurements 
will be discussed, but it must be realised that it may require supplementing under 
special conditions. It is hoped, when such special cases arise, that suitable 
deductions may be made from the various curves given here which cover the subjective 
effects on tone and noiSe. Suppose, for instance, that a speech recording is taken 
on a recorder with 1' 3 c/s wow via a radio link, vAiich introduces a 9 kc/s whistle. 
The presence of such a whistle might reduce the threshold wow level by a factor of 
some 50 : 1, for Fig. 16 shows that about 0°0S? wow could be detected on the whistle 
alone under these conditions. The 9 kc/s level would be below the 75 phon reference 
level used here, but as the amplitude-modulation threshold only rises by a factor of 
between S and 3 for a loudness level reduction from 80 to 30 phons, and the frequency- 
modulation threshold rises by a factor of about 2 for the same change, one must 
suppose the wow threshold to-be little more than, double the 0°02^ vsilue. Thus the 
tolerable level of 256 wow for speech alone is reduced, in this case, to approximately 
0-0456. It may be argued that a modulation of existing distortion is of no concern, 
but the example serves to illustrate the pointi at issue. In a similar manner 
amplitude modulation of backgro-und noise may indicate the presence of fluctuations 
which would not be detected on programme alone. With such limitations in mind, we 
proceed to an examination of the tolerable fluctuations on programme, special regard 
being paid to the formulation of a practical measuring scheme. ^ 

9.6. A Universal Weighting Curve for Frequency Fluctuation Measurements. 

The ideal subjectively— weighted measuring device should, when threshold 
value is obtained, indicate the same value irrespective of the type and frequency of 
the fluctuation to be measured. It will be shown that the results given here, as 
summarised by Pig. 29, indicate how a good approximation to this ideal device may be 
obtained. Consider, firstly, a single component of sinusoidal wow or flutter in the 
range 0° 5 c/s to 200 c/s. If any system fluctuations Eire measured by a discriminator 
giving faithful, conversion in this range, and the output envelope is equalised by a 
network whose frequency response is the inverse of the frequency modulation curve of 
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Fig. 29, then this output will he constant at threshold value throughout the frequency- 
range. If there is more, than one fluctuation component, the system will still 
suffice and the threshold is measured hy the peak value of the weighted sum. If, for 
example, two equal components are close in frequency, giving a slowly beating fluctua- 
tion, the threshold is essentially at the peak value of the mixture that equals the 
threshold of one tone alone. If the frequencies are well separated the one of lower 
threshold is, of course, the predominant factor. Thus for a 1 kc/s tone, threshold 
is 0* 25( at 1*3 c/s frequency of flutter ajid O' 4% at 25 c/s frequency of flutter, 
whilst experiment shows that the threshold for an equal mixture is 0' 26^. On the 
equalising- system suggested, half weight is given to the 25 c/s component and we have 
for the relative outputs: 



Mixture 



1°3 c/s 

25 c/s 

1-3 c/s 

+25 a/s 



:- 0-2 X 1 

:- 0°4 X J 

:- 0-13 X 1 

:- 0° 13 X i 



= 0-2 
= 0-2 

= 0-195 



which, for practical purposes, is an identical reading in each case. 




1c/s 

up to harmonic of !5c/s 

output , ,. „ « 



2-5c/s 
up to harmonic of 27-5 c/s 

input ^"^ ' 



6 c/s 

up to harmonic of 54c/s 
output 



Fig. 



30 - Response of suggested weighting networl< to squarewave input 



Consider now the effect of other periodic waveforms. Experimental data has 
been. obtained on square-wave modulation up to a frequency of 10 c/s. If square waves 
are applied to the weighting network (the inverse of the frequency modulation curve in 
Pig. 29) the relative peak value emerging will not be substantially altered when the 
rate is .in the region of 6 c/s or above, but when the frequency is below this an over- 
shoot takes' place due to the selective increase of harmonic content. The amount of 
overshoot relative to the input is shown in Pig. 30, for the cases of 1 c/s, 2° 5 c/s 
and 6 c/s. The graphs are approximate and show the effect of weighting the stated 
number of harmonics without relative phase differences. Constant peak— output of the 
network is thus achieved when the input signal is reduced by the ratio of the peak 
output to input, that is by approximately 1, 1*5, and 2=3. The subjective measuring 
device then yields the square— wave modulation threshold as being reduced by these 
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amounts on that of the sinusoidal case and the result is, to the first significant 
figure: 

Threshold 1 c/s 2" 5 c/s 6 c/s 

Sine (Experimental) 
Square (Ibcperiinental ) 
Square (Derived by weighting) 

The agreement hetween experiment and the proposed measuring system is thus 

moderate there is over— compensation below about 1°5 c/s, and under— compensation 

above. It is possible that a suitable phase characteristic would correct this to 
some extent. However, the probability of a practical measuring device being confron- 
ted with so stringent a test is not very great. 

Finally, consider the effect of the proposed weighting on the continuous 
spectra which are involved in the measurement of random and pulse modulations. The 
ejcperiments yielded a mean threshold^value of 0° 8ft peak in either case, the bandwidth 
of the modulation being restricted to 100 c/s by the design of the flutter generator. 
It was shown in Section 5.1 that the statistical distribution of amplitudes in tbje 
random frequency fluctuation tests obeyed a Poisson relation. It may be shown from 
this that amplitudes up to 0-8^ peak comprise 99* of the fluctuations occurring in a 
random set of this nature. Assuming the maximum weighting to be unity at 6 o/s, 
vfcere the sinusoidal threshold is 0°4* peak, the ratio of peak output to input should 
be 0° 5 in the two cases if true threshold is to be indicated. An approximate 
analysis suggests that such is the case. The modulating pulse, of form e" *, (t^o), 
has a Fourier transform (fe + ja))~ and the spectrum amplitude ] ft + j o) | — is shown as 
Curve C in Fig. 31 for an 80-milli second time-constant. The spectrum of the output 
signal (Curve D) has been weighted by the inverse^threshold Curve B. The relative 
frequency spread of Curves C and D are similar, and by the Fourier Integral Energy 
Theorem we may expect that the ratio of peak output— to- input will be roughly propor- 
tional to the ratio of areas beneath Curves D and C, -vAiich is about 0°-6. Assuming a 
spectrum which is level up to 100 c/s for the random fluctuations, weighting Curve B 
is the relative amplitude spectrum of noise output, and the peak output/input level 
will be the ratio of areas beneath Curve B and the line A, up to 100 c/s, which is 
about 0°4. 

The suggested frequency weighting thus yields a constamt indication of 
subjective threshold value to within about SQ1> in auLl cases considered, which in view 
of the variations of judgment involved in such phenomena may be considered a reasonable 
accuracy. An absolute calibration of the system is required and this could be 
performed at say, 6 c/s, taking as standard the mean value of 0°41t. For critical 
standards it might be preferable to assume a value of the mean less twice the value of 
the standard deviation, so that fewer than 5% of listeners would be expected to 
notice a defect in a recording up to standard. This value corresponds to 0° 14* peak, 
or 0* 1* R.M.S. for a sine wave, which is a value that for many years has been accepted 
as a good criterion for total R.M.S. flutter in recording systems. 

9.7. A Universal Weighting Curve for Amplitude Fluctuation Measurements. 

A similar method of weighting could be employed for amplitude fluctuations, 
using a curve which is the inverse of the amplitude-modulation threshold curve for 
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Fig. 31 - Determination of weighted spectra for random and impulsive fluctuations 
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Fig. 32 - Schematic diagram of measuring system for frequency and amplitude flutter 

piano programme, which is also reproduced for the >A.ole frequency range in Fig. 89, 
If information about noise modulation is not required, the peak around 6 kc/s could be 
removed. If it is retained, care must be taken to exclude other sources of noise, 
such as thermal and shot noise, which are still present when the recording medium is 
at rest. 

9.8. Measuiring System for Frequency and Amplitude Fluctuations. 



A block diagram of the proposed measuring system for both frequency and 
amplitude flutter is shown in Fig. 32. In practice a tone from the reproducing chain, 
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in which frequency or amplitude modulation exists, would he fed, in turn, into the 
frequency and amplitude modulation chains and a reading obtained on the peak reading 
device, or oscilloscope, which had been previously calibrated in absolute terms. A 
tone of frequency 3kc/s, viiich is becoming standard for such tests, could be employed. 



10. EXISTING STANDARDS. 

The information. on "Measurement of Frequency Variation" in British Standard 
Memorandum B.S. 1988:1953 is not generally at variance with the information gained 
here but requires supplementing. It is there recognised that an unweighted R.M.S. 
summation is of limited use. The British Standard 1938: 1953. on "Lateral Cut Gramo- 
phone Records and Direct Recordings", specifies tolerances which in all cases permit 
only fluctuations below the subjective thresholds determined in this investigation. 
The American I.R.B. Standards on Methods of Determining Flutter Content, 1954 , 
favour R.M.S. measurement, defining "percentage flutter" as the "R.M.S. deviation from 
average frequency expressed as a percentage of the average frequency". Mention is 
made of a "Flutter Index" viiichis "a measure of perceptibility of Frequency Modulation 
of a single tone". This index, for continuous tones in a moderately live room, is 
given as 

I = x.A/A 

viiere A/ is the R.M.S. deviation of frequency, r is the flutter rate, and x = ry30 
below 1 c/s, *; = r/30 from 1 c/s to 5 c/s, x = 1/6 beyond 5 c/s. This would seem to 
be very approximate, and of limited significance on transient material such as 
progreanme. 



11. CONCLUSION. 

It appears, from the results and calculations set out in this report, that 
it is possible to define useful frequency- weighting curves for incorporation into 
chains measuring both amplitude and frequency modulation in practical recording 
systems. Providing that these chains have no inherent errors of their own, the use 
of these weighting curves should enable indications of equal sub jective— threshold 
value to be obtained irrespective of the waveform or frequency of the unwanted 
modulation. The provision, noted in the last sentence, that the basic measuring 
chains should be free from inherent errors of their own is important and, in this 
respect, special caution is necessary in the design of discriminator circuits for use 
in the frequency-modulation chain. In the course of this investigation the proper- 
ties of discriminators for use in the flutter-measuring chain have been investigated 
in some detail, and the results, together with recomm;endations which arise out of the 
work, will be included in a sepai*ate report dealing with measuring technique. It has 
been the puirpose of the present report to establish tolerances and weighting curves 
based on the subjective aspects of undesired frequency and amplitude modulation. 
Having defined these factors it will be desirable also to make recommendations on the 
methods of measurement by viiich any future standards, based on the subjective findings, 
are brought into practice. The separate report will, therefore, form a corollary to 
the present one. 
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13. APPENDIX Mathematical Analysis of Flutter Generation- 
Consider the recording system shown schematicsilly in Pig. 33. The medium 
moves past a stationary recording head with a Telocity compounded of constant velocity 
vq and a small unwanted variation v sin cot, a representative component of inevitable 
traction irregularities. Suppose that there is a correlation between the recording 
and reproducing process in that the reproducing heswi is centred at a distance s from 
the recording head, with reproduction taking place at a time or order Tq = wi^o later. 
Let there be some relative motion of the reproducing head (as in the flutter genera- 
ting system described) which can be represented by a small velocity Vx cos co ^ t , 
thereby causing the separation of heads to be s(t) = s +(vi/wi).sin co i t , It is 
proposed to determine the instantaneous frequency /r ■siiich will be reproduced from the 
system under various conditions vAien a frequency / is fed into it. 



Stt)-S+-^ 5lnu>,t 



Mediun 



S- 



V«) = Vo + V»inoit 



^ Recording 
head 



> . i '■ 

Reproducing T 
head >»•*>. 



VelocUy-V,co»w,'t 

Fig. 33 - Mathematical relations In flutter generator 

It is first necessary to determine f, the time at which reproduction takes 
place. Since both the velocity and distance traversed by a recorded element before 
reproduction are time dependent, I is given by the equation 

t + T 

sit + f ) = ( (vo + V sin cot) it 
t 

.•• s +(vi/«i).sin cu i(t + r) = Vol -{ti/^[cos co(t + f) - cos co t] 

or 

I - To = fi sin coi It + fJ+f.aCcos coit + I) - cos Ct}t] (1) 

viiere 

fo = s/vo fi = vi/vo^i fs = v/v(p) 

clearly 

\t - To\< fi + Sic 

Unless CD and o) i are very small, fi and T ^ are small quantities, since v/vq is of 1^ 
order or less in any reasonable practical system and vi/vo is of the same order in the 
flutter, generator described in Section 3. Hence we shall neglect squares of these 
quEintities and substitute fo for T in the right-hand side of Equation 1, yielding the 
approximation 
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^ = -To "^ ^1 sin oJi (t + Tq) + f-j[cos a)(t+ f^) - cos cot] (2) 

A recorded signal e^ =5 (t) is reproduced as e^ = fe^(t ~ I), where fe is some transfer 
constant, so that 

eo = k§{t - Tq - Ti sin oj i (t + f^ ) - ^^[cos co (t + Tq) - cos cot]} 

The ratio of the instantaneous frequency / of output to instantaneous 
frequency / of input will be d(t - T)/it by the usual definition, so that in this case 

^r/f = 1 - coifi cos oJi (t + fo' "*■ ^'^^2 sin (coT ^'2). coa co{t + Tq/z) (3) 

If s is made sufficiently small, sin (cof^Z)-^^ 0)1^2 
and 

/// = 1 + (cot^sAlicos co{t + I^/ Z]-iv^Vo)cos co^lt + Jq) (4) 

This is the equation which applies essentially to the high speed drum and moving 
reproducing head system used in the flutter generating system described. 

In normal recording systems, however, the reproducing head is stationary, 
but the velocity of the medium varies. Here then xj^ = o and Equation 3 becomes 

fj/f = 1 + (2z;At^sin(a)s/gUo)cos co(t ■>■ fo/fe) (5) 

Thus there is no frequency change when cos/vq = o, 277, 477, etc, and there is a 
naximum change when <iJ s/uo = 77, 377, 577, etc. The head spacing may then be arranged, 
in the limit, either to cancel or double a particular flutter frequency, although if 
the wow is complex it is clearly best to make the spacing as near zero as possible to 
achieve best overall cancellation. In the usual description of a frequency modulated 
wave an equation such as (5) can be regarded as expressing the "insteintaneous fre- 
quency". The form in the case of frequency flutter is 

/^ = / + 7/ cos cot (6) 

where the constant y is independent of /.- 

The general expression for frequency modulation is of the form 

e = Bq sin 277, {ft +l^f/p\ sin pt) 

where / is the carrier frequency, p/2TT is the modulation frequency, A/ is the 
frequency deviation. This yields for the instaintaneous frequency 

fi = f + ^f cos pt (V) 

Compsiring (6) and (7) it can be seen that for flutter 

A/ = 7/ 



44 



i.e. the deviation is proportional to the recorded frequency. It is this identity 
which prevents the simulation of wow or flutter in complex programme signals by means 
of heterodyne, or modulation systems. All such systems yield a deviation independent 
of the frequency of the signal components. The desired result caai be achieved, 
however, by a memory device, which in the present work takes the form of a record on a 
magnetic drum. 



